Topological defects, such as quantum vortices, determine the properties of quantum fluids. The study of their properties has been at the center of activity in solid state and BEC communities. On the other hand, the non-trivial behavior of wavepackets, such as the selfaccelerating Airy beams, has also been intriguing physicists. Here, we study the formation, evolution, and interaction of optical vortices in wavepackets at the Dirac point in photonic graphene. We show that even in a non-interacting two-component system the topological excitations appearing in a wavepacket can still be considered as "particles", capable of mutual 1 arXiv:1806.05540v2 [physics.optics]
interaction, with their trajectory obeying the laws of dynamics.
Topological invariants
1, 2 become as important in physics as the symmetries 3 . They open a new dimension for the exploration of fundamental possibilities and the creativity of engineering.
Quantum Hall effect [4] [5] [6] [7] and topological insulators [8] [9] [10] have shown that the band structure of periodic systems is not limited to mere dispersion, and that there can be chiral edge states protected by topological invariants of the bands. The topological invariants can characterize not only such rigid structures as the bands, but also define the properties of the quantum fluids by determining the existence of topological defects 11, 12 . Indeed, quantum vortices, discovered in superconductors 13 , liquid helium 14, 15 , and Bose condensates 16 , are protected by a topological invariant -their winding. While being different from the famous Chern number 17 , characterizing the bands, the winding number 2, 18 , defined in differential geometry, is also a well-known topological invariant in mathematics, providing associated protection.
Fluids are usually interacting 19 , and quantum vortices have mostly been analyzed in interacting systems: for example, in superconductors and in Bose condensates, the vortex size is determined by the interactions 20 . However, topological defects (called phase singularities or dislocations in this case) can also be observed in linear (non-interacting) wave interference 21 , not only for light 22 , but also for tidal waves 23, 24 . Phase singularities, being just zero density points, are less limited by physical bounds: for example, their speed can exceed the speed of light 21 , and there is in general no strict connection between the number of vortices and the optical angular momentum of a beam 25 , except for simple cases (Gauss-Laguerre beams). Because of this, topological defects in wave interference were seen as being objects somewhat "less real" than similar defects in the interacting quantum fluids. The distinction between the interacting and non-interacting case has become a matter of debate 26, 27 , because in many works vortices were used as a smoking gun of superfluidity 28, 29 .
Wavepackets in linear regime are an important field on their own. The famous self-accelerated Airy beams 30, 31 are one example, but there are also Bessel beams 32 , with their self-repairing properties 33 and spatial profile, which are particularly useful for applications such as optical tweezers 34 . Even the physics of Gaussian wavepackets in non-trivial systems with diabolical points, such as honeycomb lattices, has been attracting attention since a very long time, with original phenomena such as the conical refraction, predicted 35 and observed 36 a long time ago. A finalized theory describing the intensity evolution in such wavepackets was developed only recently 37, 38 . The phase properties of conical diffraction are understood even less. Recently, the conversion of pseudospin into orbital angular momentum has been described for such wavepackets at the Dirac point 39 : a vortex has been shown to appear in the center of the wavepacket after its evolution in the effective field of the Dirac Hamiltonian. Another work has shown the formation of several vortices in photonic Lieb lattices 40 , but their dynamical behavior has not been analyzed.
In this work, we show that optical vortices appearing in linear wavepackets exhibit many features typical for topological defects in nonlinear quantum fluids. Their trajectories obey the laws of dynamics: in particular, we observe the effect of the Magnus force and the mutual interaction of two vortices. Finally, we show that certain features of wavepackets in graphene cannot be described by the Dirac equation, even in the immediate vicinity of the Dirac point, because the two pseudospin components actually coexist in the same real space.
Generation of a photonic graphene lattice in a Rb vapor cell
We study the evolution of a structured probe beam in a honeycomb lattice (photonic graphene)
formed in a 85 Rb vapor cell by electromagnetically induced transparency(EIT) 41 , as illustrated in Fig. 1 
where Γ 31 (resp. Γ 32 ) is the decay rate between states |1 (resp. |2 ) and |3 , determined by the the longitudinal and reversible transverse relaxation times of each state; N is the atomic density at the ground state |1 . ∆ 1 (resp. ∆ 2 ) is the frequency detuning between the atomic resonance |1
to |3 (resp. |2 to |3 ) and the probe (resp. coupling) field frequency, as labeled in Fig. 1(e) . Ω 2 is the Rabi frequency induced by the coupling field E 2 and µ 31 is the dipole momentum between levels |1 and |3 . Here, ε 0 is the vacuum dielectric constant. In the experiment, the coupling field is constructed by the interference of 3 laser beams to form a hexagonal intensity profile which induces a honeycomb-like susceptibility distribution for the probe field 44 . Meanwhile, the probe field is also structured to form periodical vertical fringes by 2-beam interference, to allow selective coverage of only one set (either A or B) of the sublattices [ Figure 1 (c), (g)-(i)], and to excite the K or K valley in the momentum space 39 . In our experiment, such probe beams can be either Gaussian beams or Gauss-Laguerre beams with an orbital angular momentum (OAM), 
Vortex dynamics from the Dirac equation and beyond
We start from the approach based on the Dirac equation. Indeed, the evolution of a wavepacket in photonic graphene in the vicinity of the Dirac point can be described by the 2D Dirac equation:
where
T is a spinor wavefunction with two components (in the case of graphene, or on the effective field representation 39 ), providing different levels of comprehension, but the conclusion is generally the same: wavepackets in the Dirac equations are almost always associated with a nonzero angular momentum 46 , which can be seen (and observed experimentally) as a quantum vortex, because of the irrotational nature of the wavefunctions.
We begin with a simple case with zero angular momentum of the initial wavefunction ψ A = exp(−r 2 /2w 2 ). The Hamiltonian (2) converts ψ A to ψ B , but because of its dependence on the polar angle of k, the resulting conical refraction is accompanied by the change of winding:
In experiment, the emission is detected far from the Rubidium cell, and individual sites cannot be distinguished. Therefore, the total emission detected is a superposition of ψ A and ψ B . In the regions, where one of the two components dominates, this allows to measure the phase of the dominating component via interference with a reference beam with a wavevector k 0 . In the regions of comparable intensity the phase is that of a superposition of two complex fields. In experiment and theory ( Fig. 2) , we study the interference of the sum ψ A + ψ B with a reference beam. The first two rows (a-e,f-j) correspond to 2 values of detuning (two moments of time). Columns show respectively the component density
) [calculated with the Dirac equation (2) and exhibiting conical refraction], calculated (c,h) and measured (d,i) interference patterns, and the phase extracted from the experimental interference (e,j). The phase singularity, visible as a dislocation in the fringes, clearly moves from left to right in theoretical images. In experiment, a K point with an effective field rotated by 120
• is excited, and the phase singularity (marked with a white circle) moves along an equivalent crystallographic direction (see the Supplementary for more details).
We stress that in the Dirac approximation the phases arg(ψ A 
where: A(t) = cos ωt and B(t) = sin ωt (ω = 2πc/w). The equation for the vortex position reads A (t) + B (t) xct/w 2 = 0 which allows to find the trajectory x(t):
This analytical solution (red curve) is compared in Fig. 2(m) with the vortex trajectory (distance from the center as a function of time) extracted from the experiment (black dots, obtained from the interference patterns, two examples of which are shown in Fig. 2(d,i) ). The good quality of the fit confirms the interpretation. The vortex appears at infinity and approaches the system center very rapidly in the initial moments. In the experiment, it appears at a finite distance, determined by the sensitivity of the detector and the finite size profile of the graphene lattice potential created a) by the coupling field.
It is interesting that the exact cycloidal experimental trajectory of the vortex in the XY coordinates [ Fig. 2(n 
where I is the relative intensity, L is the vortex winding and v is the vortex velocity obtained from Eq. (4). The Magnus force was used to detect a single vortex in superfluid helium for the first time 50 , here we use it to prove the "reality" of the phase singularity and of the associated rotation in a two-component light beam. While in the Dirac approximation, the phase singularity is present only in the center of the wavepacket in the ψ B component, in experiment and in full numerical simulations it is located at the center of the vortex, as can be seen from the experimental phase images [ Fig. 2(e,j) ]. Therefore, the overall microscopic outward flow due to the intensity gradient 
Mutual interaction between vortices
We have also studied the evolution of wavepackets with non-zero OAM. 
Discussion
Neither the cycloidal motion due to the Magnus force visible in Fig. 2(n) , nor the mutual rotation seen in Fig. 4(g, h) can be reproduced with the Dirac Hamiltonian (2) In this Supplementary Information, we present the details of the simulations and calculations given in the main text. We discuss the full Schrödinger equation obtained in the paraxial approximation.
We provide the details on the analytical solution of the Dirac equation, comparing it with a numerical solution of the same equation. Finally, we present the supplementary video files.
Vortex dynamics in the full Schrödinger equation
The propagation of an electromagnetic wave can be described by a wave equation, obtained as a combination of Maxwell's equations:
Assuming propagation in the z direction, one can look for the solution in the form E(x, y, z, t) = E 0 a(x, y, z)e i(k 0 nz−ωt) , where ω is the frequency of the laser beam, n is the refraction coefficient, k 0 is the wave vector of light in the vacuum, E 0 is the maximal amplitude vector, and a determines the spatial intensity distribution. The separation of time and space variables allows to write the Helmholtz equation:
where one can apply the paraxial approximation ∂ 2 a/∂z 2 k 0 ∂a/∂z to finally rewrite the equation as:
which is equivalent to the Schrödinger equation:
where the propagation in the z direction is mapped to time evolution (z → ct), the mass m is determined by m =hk 0 n 0 /c (n 0 is the background refraction index, c is the speed of light), and the potential U (x, y) is determined by the deviation of the refraction index from the background
At t = 0, a wave packet is created in the potential minima corresponding to the A sites.
We then follow its evolution, making it interfere with a reference beam and accounting for the broadening of the beams during its propagation in the free space.
Both for the theory and for the experimental images, we extract the phase from the interference pattern by making a Fourier transform, keeping only one of the maxima, shifting it to k = 0, and finally making an inverse Fourier transform.
Analytical solution for the vortex trajectory in the Dirac equation
The 2D Dirac equation for massless particles can be written as
where k is the wave vector (in 2D), and σ is a vector of Pauli matrices σ x and σ y . This equation Initial wavepacket with L = 0 The approach used to find the analytical solution for the vortex trajectory in the Dirac approximation is discussed in the main text. It is based on a small-time approximation, which takes into account only the initial conversion ψ A → ψ B and neglects the backward conversion. The limit of validity of this approximation corresponds to the moment t = w/2c, when ψ A vanishes. In this approximation, we are keeping a Gaussian shape for ψ A and a Gauss-Laguerre shape for ψ B . Of course, at any moment of time, in reality there is a backwards conversion from ψ B to ψ A , and therefore the shape of ψ A is not Gaussian any more. But this backwards conversion is a second-order perturbation, and this is why it does not influence the overall dynamics of the vortex. Even when we are at one half of the full conversion cycle (Fig. 2, panels (f,g)), when this non-Gaussian perturbation becomes comparable with the intensity of the original Gaussian in ψ A , it does not influence the trajectory of the vortex, because the overall intensity |ψ A | 2 is at this moment much smaller than |ψ B | 2 , and therefore the vortex is necessarily located at the minimum of |ψ B | 2 . So, the analytical solution works well in spite of the approximations used.
The solution found in the main text is:
In As in the previous case, here it is also possible to find an analytical solution for the vortex trajectory from the condition ψ A + ψ B = 0. Close to t = 0, the solution remains the same, while for t → t 0 (x ≈ 0) there are second-order corrections to the trajectory due to the modified spatial dependence of the wavefunction ψ A in the presence of a vortex: ψ A (x) ∝ x exp(−x 2 /2w 2 ):
x (t) = w 2 cot ωt ct + 2 w 3 cot 2 ωt c 2 t 2 ,
The numerical (black dots) and analytical solutions (red line) for the trajectory of the extra vortex for l A = −1 are shown in Fig. 6 . Again, a perfect fit is obtained, confirming the theoretical
assumptions. An important difference with the previous case is that here the overall dynamics is much faster, because the effective width of the wavepacket is modified by the change of the spatial profile, which increases ω. The other vortex always remains at x = 0, so there is no need to calculate its position (this is only valid within the framework of Dirac equation). black circles -extraction from the interference pattern in the numerical simulation, red lineanalytical solution.
Supplementary video files
The supplementary video files were generated from sequences of experimental interference images, obtained at different detunings, which corresponds to different moments of time, as discussed in the main text. The cores of the vortices (visible as phase dislocations) are marked with white crosses, which are obtained automatically by analyzing the phase maps.
